Abstract: A multinary-signaling-based coded-modulation (CM) scheme is proposed, which is suitable for various applications ranging from multi-Tb/s to multi-Pb/s data rates, outperforming conventional CM schemes in terms of both spectral and energy efficiencies. The corresponding multinary signal constellation design algorithm is also proposed. Both 2-D and 3-D multinary-signaling-based CM schemes have been studied.
Introduction
The exponential Internet traffic growth projections have placed enormous transmission rate demands on the underlying information infrastructure at every level, ranging from the core to access networks [1] - [4] . As the response to these never-ending traffic demands, the 100 Gb/s Ethernet (100 GbE) standard has been adopted recently (IEEE 802.3ba), and 400 GbE and 1 Tb/s Ethernet (1 TbE) have been currently intensively studied. It has become evident that the future optical transport networks will be affected by the following issues: limited bandwidth of information infrastructure, high power consumption, heterogeneity of network segments, and security issues. As a solution to all these problems, multidimensional signaling has been proposed recently [5] - [7] . In multidimensional signaling, all available degrees of freedoms have been used for conveyance information over spatial domain multiplexing schemes. In the electrical domain, discrete-time basis functions have been used. In the optical domain, both polarization states and spatial modes have been used.
In this paper, we follow a different strategy. Instead of conventional binary and 2 m -ary signaling (m is an integer larger than or equal to 1), we propose to use nonbinary p m -ary signaling, where p is a prime larger than 2. With p m -ary signaling, we can improve the spectral efficiency of conventional 2 m -ary schemes by at least log 2 p times for the same bandwidth occupancy. At the same time, the energy-efficiency of p m -ary signaling scheme is much better than that of the 2 m -ary signaling scheme based on binary representation of data. We further study the energy-efficient coded modulation for p m -ary signaling. The energy-efficient signal constellation design for p m -ary signaling is discussed as well. We demonstrate that with the proposed p m -ary signaling in combination with energy-efficient signal constellation design, spectral-multiplexing, polarization-division multiplexing, and orthogonal division multiplexing (ODM), we can achieve multi-Pb/s serial optical transport without a need for introduction of spatial-division multiplexing. Both 2-D and 3-D multinary signaling based coded modulation schemes have been studied.
The paper is organized as follows. Section 2 is devoted to the proposed p m -ary signaling based coded modulation, described in the context of polarization division multiplexing (PDM). The signal constellation design for multinary signaling based coded modulation is described in Section 3. In Section 4, we describe beyond 1 Pb/s serial optical transport employing p m -ary signaling based coded modulation. In the same section, we describe the orthogonal-division multiplexing scheme based on Slepian sequences-based fiber Bragg gratings (Slepian-FBGs) . In Section 5, we provide the numerical results to illustrate high potential of the proposed multinary signaling based coded modulation. Some important concluding remarks are provided in Section 6.
Multinary Signaling Based Coded Modulation for Optical Transmission
The proposed multinary signaling based coded modulation scheme is shown in Fig. 1 . The scheme is described in the context of PDM. Since multinary low-density parity-check (LDPC) coding over GFðpÞ, where p is the prime larger than 2, has not been sufficiently studied (in particular in context of decoding complexity) we use two binary (BI) LDPC encoders corresponding to both polarization states. After LDPC encoding, as illustrated in Fig. 1(left) , we perform binaryto-multinary (p-ary) conversion by using the conventional base-2 to base-p number conversion approach. Mapper x (y) takes m p-ary symbols at a time and selects a point from p m -ary signal constellation. After up-sampling and driving amplification, the coordinates of the p m -ary constellation are used as input of I/Q modulator x (y). The I/Q modulator is implemented based on one Y-junction, two Mach-Zehnder modulators, one phase modulator to introduce =2 phase shift in the Q-branch, and one Y-combiner, as shown in [19, Fig. 5.17] . Two independent p m -ary streams (corresponding to x-and y-polarization states) are then combined by polarization beam combiner (PBC) coupler and transmitted over optical transmission system of interest. (The rest of transmitter is self-explanatory.) To facilitate the implementation in FPGA/ASIC hardware, multiple BI LDPC encoders might be used whose outputs are multiplexed together before binary-tomultinary conversion takes place. On receiver side, as illustrated in Fig. 1(right) , we first perform conventional polarization diversity coherent detection to get the corresponding projections along x-polarization (I 
where Pðs
Þ is the prior probability, which is equal to 1=p m for uniform signaling. The conditional is determined from symbol LLRs (1) by
where with L a ðs ðx ;y Þ ik Þ we denoted the prior (extrinsic) information determined from the p m -ary APP demapper. Therefore, the j-th position reliability in (3) is calculated as the logarithm of the ratio of a probability that s ðx ;y Þ ij ¼ 0 and probability that s , selected in the outer summation, for which s ðx ;y Þ ik ¼ 0, k 6 ¼ j. The j-th position LLRs are forwarded to corresponding binary LDPC decoder. To facilitate the implementation in FPGA/ASIC hardware, multiple BI LDPC decoders might be used in parallel whose outputs are multiplexed together before the extrinsic information for the next global (APP-LDPC decoder) iteration is calculated. Finally, the prior p m -ary symbol estimate can be obtained from
where Lðs ðt Þ ij Þ denotes the LDPC decoder output in current iteration (iteration t ). The iteration between the p m -ary APP demapper and BI LDPC decoder is performed until the maximum number of iterations is reached, or the valid codewords are obtained.
The aggregate data rate of this scheme, when used in PDM context, is given by
For instance, for 125-ary signaling, the aggregate data rate of this scheme for information symbol rate of 25 Giga symbols/s (25 GS/s), is 348.285 Gb/s. When this scheme is used in a tandem with three orthogonal subcarriers, the aggregate data rate of 1044.855 Gb/s can be achieved, and this scheme can be used to enable beyond 1 Tb/s serial optical transport for moderate OSNR-values. The spectral efficiency of the proposed multinary scheme is log 2 p times higher than corresponding scheme based on binary signaling, for the same bandwidth occupancy. As an illustration, the improvement in spectral efficiency for p ¼ 7 will be at least log 2 7ð¼ 2:81Þ times. On the other hand, the proposed multinary scheme can be used to improve the energy-efficiency, defined as the improvement in OSNR (per bit) at target BER when multinary signaling is used compared to the case when binary signaling based optical transmission is used instead.
Signal Constellation Design for Multinary Signaling Based Coded Modulation
In this section, we describe how to design the multinary signaling based constellation inspired by Monte Carlo method introduced in [9] , which is suitable for medium signal constellation sizes. For large signal constellations, the vector-quantization-inspired signal constellation design should be used instead [10] . To generate p m -ary signal constellations, we employ an algorithm similar to [9] , which can be formulated as follows.
Step 1: The first stage is to use conventional Arimoto-Blahut algorithm [11] to determine the optimum source distribution for a given optical channel.
Step 2: In the second stage, we first initialize the algorithm with a set of initial constellation points obtained from sphere-packing constellations (see [12] ).
Step 3: We generate the training sequences from optimum source distribution and split them into the clusters of points according to the LLRs from constellation obtained in previous iteration. New constellation points are determined as the center of mass of such obtained clusters.
Step 3 is repeated until convergence. As an illustration, in Fig. 2 , we provide several twodimensional (2-D) signal constellations for different primes p and different signal constellation sizes M ¼ p m . Multinary signaling based constellations closely approach Shannon capacity for medium OSNR-values, as shown in Fig. 3 . For instance, the 125-ary constellation closely approaches Shannon capacity for OSNR values up to 18 dB. In addition to closely approaching Shannon capacity, the multinary signaling schemes allow for finer granularity in spectral efficiency when compared to conventional constellations (with signal constellation size being power of 2) indicating that the multinary signaling based schemes are suitable for adaptive modulation and coding. Two 3-D multinary signal constellations obtained by using signal constellation design algorithm just described are shown in Fig. 4. 
Beyond 1 Pb/s Serial Optical Transport Employing Multinary Signaling Based Coded Modulation
The software-defined LDPC-coded p m -ary signaling with spectral multiplexing and ODM that we have proposed is shown in Fig. 5 . The LDPC-coded p m -ary data streams are obtained as described in Fig. 1 . After DACs, the corresponding in-phase and quadrature signals are used as inputs to I/Q modulator. The spectral multiplexing of superchannels into spectral-band groups is then performed by using the all-optical OFDM approach. The corresponding spectral bandgroup signals are then combined by another level of all-optical OFDM and coupled into the orthogonal-division multiplexer, as shown in the left side of Fig. 5 . The configurations of Slepian-FBG based orthogonal division multiplexer (ODM) and demultiplexer can be found in [10] , and it is also described in Fig. 6 for completeness of presentation. Namely, the Slepian sequences, introduced in [13] , are mutually orthogonal regardless of the sequence order, while occupying the fixed bandwidth. Given the orthogonality of impulse response of Slepian sequences, they can be used to provide an additional degree of freedom with a help of properly designed FBGs, as described in [10] . The Slepian sequences based FBGs can also be used to enable all-optical encryption, as described in [14] .
At the receiver side [see the right side of Fig. 5 ], after orthogonal-division demultiplexing, every ODM projection is forwarded to all-optical OFDM receiver followed by the conventional polarization-diversity receiver, which provides the projections along both polarizations and in-phase/ quadrature channels. Notice that all-optical OFDM has been used here for multiplexing of independent optical signals over orthogonal optical OFDM supercarriers rather than for modulation. The resampled outputs represent projections along the corresponding basis functions.
The scheme described above can also be used to enable beyond 1 Pb/s serial optical transport over SMFs, and in this paragraph, we describe the corresponding digital hierarchy. The signal frame is organized into 10 band-groups with center frequencies being orthogonal to each other. Each spectral component carries 1 TbE, while each spectral band group carries 10 TbE 
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traffic. We employ a three-step hierarchical architecture with a building block being 1 Tb/s superchannel signal. Next, 1 TbE spectral slots are arranged in spectral band-groups to enable up to 10 TbE. By combining two (four) spectral band-groups, the scheme can enable 20 TbE (40 TbE). The second layer is related to spectral-division multiplexing, resulting in 100 Tb/s aggregate data rate per orthogonal-division multiplexer input, corresponding to 100 TbE. By combining two/four/ten such obtained signals by using the orthogonal-division multiplexer, the scheme is compatible with future 200 TbE/400 TbE/1 PbE. For completeness of presentation, in the rest of the section, we describe the ODM scheme, as indicated above. The Slepian sequences fs ðjÞ n ðN; W Þg of the jth order are defined as a realvalued solution to the following system of discrete equations [10] , [13] :
where i and n denote the particular sample in each Slepian sequence, while j ¼ 0; 1; 2; . . . denotes the order of the particular Slepian sequence. N denotes the sequence length of each sequence, W is a discrete bandwidth, and the shaping factors j ðN; W Þ are ordered eigenvalues of the system of equations (6) corresponding to the concentration of each Slepian sequence within the desired time interval of length N. Therefore, the eigenvalues fall within the range 0 G j 1, with 1 corresponding to the case when the sequence energy is entirely included in the desired time interval. The small values of j imply that most of the sequence energy is outside the desired time interval. Given the orthogonality of impulse response of Slepian sequences, they can be used to provide an additional degree of freedom, in the so-called ODM, whose principles are illustrated in Fig. 6 . The FBGs can be used to obtain target Slepian-like impulse responses by following design guidelines described in [14] . The pulse laser output is split into K branches (see Fig. 6(a) ). Every branch is used as input of an electro-optical (E/O) modulator such as Mach-Zehnder (MZ), phase, I/Q modulator, or 4-D modulator. The output of the k th modulator k ¼ 1; 2; . . . ; K is used as the input the k th Slepian-FBG, indicating that independent data streams are imposed on orthogonal impulse responses. The outputs of corresponding Slepian-FBGs are combined by K : 1 star coupler and transmitted to remote destination over either fiber-optics of free-space optical (FSO) system of interest. On receiver side, as shown in Fig. 6(b) , the independent data streams are separated by corresponding conjugate Slepian-FBGs, whose outputs are used as inputs of corresponding coherent detectors. This scheme is applicable to any modulation format. Since the orthogonal-division demultiplexing is performed in optical domain, both coherent and direct detections can be used. Finally, the system is compatible with both SMF and spatial division multiplexing (SDM) applications [15] - [18] .
BER Performances
To demonstrate high potential of the proposed spectral-multiplexedVODM LDPC-coded p m -ary (p 9 2, p is a prime number) signaling scheme, we perform Monte Carlo C++ simulations. The simulation results, summarized in Fig. 7 , are obtained by averaging over all superchannels and ODM signals. Since QAM constellations are defined for power of 2 only, the closest multinary constellations to a given QAM constellation are observed. The aggregate data rate for LDPCcoded 125-ary constellation with spectral-orthogonal-division multiplexing with 10 superchannels (each carrying 1.044855 Tb/s as described in Section 2) per band-group, 10 band-groups, and 10 ODM inputs is 1.045 Pb/s. Clearly, beyond 1 Pb/s serial optical transport (over SMFs) can be achieved by employing commercially available electronics and p m -ary signaling for reasonable OSNR-values. The LDPC (16935, 13550) code of rate 0.8 and column-weight 3 is used in simulations for 20 (inner) LDPC decoder iterations, while the number of global (APP demapperVLDPC decoder) iterations is set to 4. It is interesting to notice that LDPC-coded 9-ary scheme of higher spectral efficiency outperforms LDPC-coded 8-QAM by 1 dB at BER of 10 À8 . On the other hand, in Fig. 8 , we study the improvements obtained by using 3-D multinary signaling based coded modulation against corresponding 2-D coded modulation. (The 3-D constellations used in simulations are provided in Fig. 4 .) LDPC coded 25-ary 3-D multinary scheme outperforms corresponding 2-D scheme by 3.14 dB at BER of 10 À8 . LPDC coded 49-ary 3-D constellation outperforms corresponding 2-D LDPC-coded constellation by even 4.42 dB, indicating that excellent improvement in energy-efficiency can be obtained by using LDPC-coded 3-D multinary constellations instead of LDPC-coded 2-D multinary constellations. 
Concluding Remarks
As a solution to limited bandwidth of information infrastructure, high power consumption, and heterogeneity of network segments, in this paper, we have advocated the use of the multinary signaling based coded modulation. With p m -ary signaling, where p 9 2, we can improve the spectral efficiency of conventional 2 m -ary schemes by log 2 p times for the same bandwidth occupancy. At the same time the energy efficiency of p m -ary signaling scheme has been shown to be much better than that of 2 m -ary signaling scheme based on binary representation of data. We have demonstrated that the proposed multinary signaling based coded-modulation together with energy-efficient signal constellation design, spectral-multiplexing, polarization-division multiplexing, and orthogonal-division multiplexing we can achieve beyond 1 Pb/s serial optical transport without the need for introduction of spatial-division multiplexing. With spatial-division multiplexing beyond 10 Pb/s serial optical transmissions can be achieved. Namely, by combining the 1 Pb/s signals, generated as described in Section 4, by using spatial modes, we can achieve beyond 10 Pb/s serial optical transmission.
